1. Background {#sec98226}
=============

Oral drug administration is the most convenient and acceptable route of drug delivery for patients. Peptide and protein drugs are administered orally by different carrier systems usually targeting intestines ([@A16761R1], [@A16761R2]). Circulating half-life of therapeutic proteins and peptides is so short that necessitates daily administration, while administration of genes encoding the same therapeutic proteins or peptides can be trusted to last longer in vivo. Protein release is also more sustained; therefore, it can reduce the problems of high dose administration.

Gene therapy is the transferring of genetic materials into the bodies' specific cells in order to either correct or retrieve a genetic disorder or act as a supplement for defective genes ([@A16761R3]). Most of in vivo gene therapy trials are carried out in an invasive way; therefore, the route of administration has remained a concern in this course ([@A16761R4]-[@A16761R7]). Oral administration of genetic materials is a very attractive and convenient route, especially when the target is gastrointestinal (GI) tract cells. To achieve this goal, an efficient system of delivery is required to develop. As it is evident, via oral route, nucleic acid should be well protected against the harsh condition of GI tract to reach safely to its destination point of action ([@A16761R8]).

The two main impediments of orally delivered genes are intestinal short transit time and pH of stomach ([@A16761R9], [@A16761R10]). Materials transit time through intestines is limited because of peristaltic activity of the intestine. However, broad absorption surface can make up for that. It might be a problem though, especially in low dose application because this activity decreases the remaining time of materials in the target area and results in less access of materials to epithelial layer. Using mucoadhesive and mucopenetrating materials such as chitosan will increase the material access to the absorption site. Chitosan is a polymer of deacetylated chitin, commercially available in different molecular weights. Chitosan has been used in DNA delivery, especially DNA vaccines because of its fine encapsulation efficiency ([@A16761R11]). The main problem with chitosan is the low resistance of chitosan nanoparticles in low pH for the sake of amino group protonation. It can lead to loss of a portion of loaded drug in lower pH, hence challenging the success of the gene therapy protocol. Although chitosan is a fine-tuned nanosystem of delivery, it lacks retardation attribute in oral delivery in vivo. Many experiments in this field were carried out by coupling of two polymers (at least one has the feature). Polymers such as Eudragit, hydroxypropyl methylcellulose, alginate, poly-ε-caprolactone are those ones with especial pKa, made them useful for oral delivery ([@A16761R1], [@A16761R2], [@A16761R12], [@A16761R13]). By using a retarding system beside chitosan, it seems that we will attain an ideal system for oral delivery of nucleic acid. Eudragit is a copolymer of methacrylate and acid methacrylic. Eudragit L100 dissolves at pH = 6 that makes it suitable for intestine delivery purposes ([@A16761R14]).

2. Objectives {#sec98227}
=============

In the present study, we designed an efficient oral delivery system in which 2 types of polymers (chitosan and Eudragit) are combined. Chitosan-eudragit was previously prepared for delivery of sodium diclofenac to colon ([@A16761R15]). Here our aim was to evaluate the success of our nanoparticle construct against low pH, like the one in the stomach, and its intestinal cells transfection efficiency. Thus, the difference of DNA release from the batches was evaluated when the batches experience the higher and lower pH than Eudragit pKa and topical injection of prepared complexes was performed in upper part of rat small intestine. Then we examined functionality of Eudragit coated NPs by RT PCR assay.

3. Materials and Methods {#sec98237}
========================

This experimental study includes preparation of pH-sensitive nanoparticles of Insulin DNA and in vivo study in rats.

3.1. Plasmid Amplification and Isolation {#sec98228}
----------------------------------------

pGIP/lns plasmid was provided by Burton M. Wice, encoding human insulin ([@A16761R16]). Plasmid was propagated in *Escherichia coli* Top10 and extracted using plasmid extraction kit (Gene Jet plasmid Miniprep kit, Thermo scientific, USA). The quality was examined by gel electrophoresis and DNA concentration was measured by UV absorption at 260 nm.

3.2. Chitosan-DNA Nanoparticles Synthesis {#sec98229}
-----------------------------------------

Chitosan dilutions between 0.005% and 0.1% (Sigma-Aldrich, Munich, Germany) in acetic acid were used to evaluate the best ratio of chitosan for a fixed concentration of DNA. DNA-chitosan nanoparticles (NPs) were prepared using coacervation method ([@A16761R17], [@A16761R18]). Briefly, 0.03% solution of chitosan in 1% acetic acid and DNA in 25 mM sodium sulphate with concentration of 100 ng/µL was separately heated at 55°C. Immediately afterward, the equal volume of each solution was mixed and vortexed at maximum speed for 45 seconds. Nanoparticles were then left at room temperature for 1 hour.

3.3. Chitosan-DNA NPs Characterization; Polyplex Integrity, Size and Zeta Potential {#sec98230}
-----------------------------------------------------------------------------------

Positive zeta potential helps in NPs movement toward negatively charged mucus surface. Nano size particles also increase the possibility of gene transfer to the bottom of intestinal crypts and improve access to the recently differentiated cells.

Interaction of DNA and chitosan leads to the neutralization of DNA charges, hence its electrophoretic mobility will be abolished. Chitosan-DNA integrity was assessed by gel electrophoresis ([@A16761R19]). Test complexes were run on 0.7% agarose gel, stained with DNA Green Viewer, in Tris-Borate-EDTA buffer at 100v for 30 min. Hydrodynamic size and zeta potential of test complexes were measured by photon correlation spectroscopy (Nano ZS, ZE3600, Malvern Instruments, and Southborough, MA, USA).

3.4. Polyplex Coating Using Eudragit {#sec98231}
------------------------------------

DNA-chitosan nanoparticles have been coated within Eudragit L100 using electrostatic interaction ([@A16761R20]). The ratio of coating was based on Khamanga et al. instruction ([@A16761R21]). One milligram of Eudragit (Rohm, Dramstadt, GmbH, Germany) was accurately weighed and dissolved in 13.5 mL organic solvent (acetone:ethanol, ratio of 1:1) ([@A16761R22]). Then, 0.2 mg of chitosan-DNA NPs, containing almost 50 µg DNA, was drip dropped into organic phase under magnetic stirring condition (emulsion was prepared for 3 in vivo tests). The organic phase of resultant water in oil emulsion was left to evaporate on stirrer (IKA, RH, Germany). The remnant was then centrifuged at 9500 rpm for 30 min. Supernatant was discarded and the pellet was washed twice with deionized water to remove residual organic part, plasmid, or polymers not incorporated into particles ([@A16761R23]).

3.5. DNA Encapsulation Efficiency of Eudragit Coated NPs {#sec98232}
--------------------------------------------------------

DNA encapsulation efficiency, in NPs coated by Eudragit L100, is the difference between the total amount of DNA used for nanoparticle preparation and the amount of non-entrapped DNA remaining in suspension supernatant after centrifuge ([Equation 1](#EQ2782){ref-type="disp-formula"}).
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3.6. In Vitro Stability Against Acidic pH and Release Profile of Nanoparticles {#sec98233}
------------------------------------------------------------------------------

Dried pellet of coated nanoparticle was divided into two normal saline tubes. In one tube, pH was adjusted 0.8 unit above the pKa of Eudragit, which is 6, and in another one, 0.8 unit below that.

The tube with pH of 5.2 evaluates the stability of Eudragit coated nanoparticle against acidic pH during 9 hours (considering almost maximum transit time in GI tract) and the tube with pH of 6.8 evaluates the release profile of DNA from Eudragit batches during the same period of time (pH range was selected near Eudragit pKa to evaluate the exact changes in batches' behavior after coating with eudragit). After incubation, the amount of DNA release was measured spectrophotometrically at 260 nm.

3.7. In Vivo Transfection {#sec98234}
-------------------------

Female Sprague-Dawley rats of 250 g weight were used in this study (The study is approved by Ethics Committee of Arak University of Medical Sciences approval on May 6th, 2012 by code of 90-124-10). Three animals were housed in each cage under controlled room temperature and humidity with 12:12 hour light-dark cycle according to the guidelines of the Isfahan University of Medical Sciences and fed formal rodent chew. Six rats were divided into two groups of A and B. Group A received Eudragit coated nanoparticles (NPs) as case and group B received a placebo form of NPs (Eudragit-chitosan without DNA loaded) following overnight fasting condition.

Rats were anesthetized by ketamine and the abdomen was cut from beneath the sternum end downward to bring out duodenum. Complexes were applied to duodenum initial part by direct injection. The abdomen and skin were then stitched. Rats of each group were sacrificed 48 hours post NPs administration.

3.8. RNA Extraction and Reverse Transcription (RT)-PCR {#sec98235}
------------------------------------------------------

Initial 5 cm of small intestine was dissected. The tissue was homogenized under liquid nitrogen and total RNA was isolated by TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and according to acid guanidium thiocyanate-phenol-chloroform method ([@A16761R24]), cDNA was synthesized (cDNA synthesis kit, Thermoscientific, USA) and subjected to PCR reaction using rat β-actin specific primers to evaluate RNA isolation and cDNA synthesis steps. Human insulin specific primers, amplifying a 437 bp fragment, were then applied to assess the efficiency of gene transfer and expression in small intestine. The product of RT-PCR was then analyzed using agarose gel electrophoresis.

3.9. Statistical Analysis {#sec98236}
-------------------------

Statistical analysis was performed using SPSS software version 16. The result were expressed as Mean ± SD. Effect of nanoparticles properties were statistically analyzed by Student paired t test with P \< 0.05 considered as significant difference.

4. Results {#sec98245}
==========

4.1. Polyplex Integrity {#sec98238}
-----------------------

Different ratios of chitosan-DNA N/Ps were assessed using agarose gel electrophoresis system. As it is evident in [Figure 1](#fig18859){ref-type="fig"}, 0.03% chitosan solution has provided complete protection and resulted in absence of DNA band in gel.

![Integrity of Nanoparticles of DNA-Chitosan With Different N/P Ratios\
Lanes from left to right: naked plasmid, 0.005% chitosan, 0.01%, 0.02%, 0.03%, 0.04%, 0.05%, and 0.06%.](ircmj-17-04-16761-g001){#fig18859}

4.2. Zetasize Analyzing {#sec98239}
-----------------------

Zetasize analyzing revealed the size of N/P complexes to be 300 ± 4 nm for 5 kDa chitosan ([Figure 2](#fig18860){ref-type="fig"}). The charge of prepared nanoparticles were measured to be +14 ± 0.5. This positive charge would be critical for the stability of particles before in vivo application.

![Zeta Potential of DNA-Chitosan Nanoparticles](ircmj-17-04-16761-i001){#fig18860}

4.3. DNA Encapsulation Efficiency, Stability, and Release Profile of Eudragit Coated NPs {#sec98243}
----------------------------------------------------------------------------------------

### 4.3.1. DNA Encapsulation Efficiency {#sec98240}

Based on the amount of DNA used for preparation of nanoparticles (50 µg) and the amount of non-entrapped DNA (5.2 µg) remained in suspension supernatant after centrifuge, DNA encapsulation was 89.6 ± 1.2%.

### 4.3.2. Stability {#sec98241}

Stability of Eudragit L100 batch was measured at pH = 5.2. This stability was related to the amount of DNA released at this pH. [Figure 3](#fig18861){ref-type="fig"} clearly demonstrates the reasonably low release of DNA from batches, which was lower than 12% ([Figure 4](#fig18862){ref-type="fig"}).

![DNA Release Profile From Eudragit L100 Batches in pH= 6.8\
Data are presented as Mean ± SD for n = 3 and P \< 0.05.](ircmj-17-04-16761-i002){#fig18861}

![Eudragit L100 Coated Nanoparticles Stability in pH = 5.2\
Data are presented as Mean ± SD for n = 3 and P \< 0.05.](ircmj-17-04-16761-i003){#fig18862}

### 4.3.3. Release Profile {#sec98242}

As shown in [Figure 5](#fig18863){ref-type="fig"}, we can see a release of DNA form Eudragit batches in 9 hours that was more than 60%. This excess of release can be really important according to transit time of particles in GI tract ([Figure 3](#fig18861){ref-type="fig"}).

4.4. Reverse Transcription Polymerase Chain Reaction Assay {#sec98244}
----------------------------------------------------------

β-Actin band, as a positive control of RNA, approved isolated RNA quality, on which we could carry out PCR reaction of human insulin. PCR reaction of 35 cycles has produced a 437bp band of DNA standing between bands of 400 and 500 of the ladder ([Figure 5](#fig18863){ref-type="fig"}).

![RT-PCR Assay\
From left; lane: 50 bp ladder, lane 2: Insulin mRNA.](ircmj-17-04-16761-g002){#fig18863}

5. Discussion {#sec98246}
=============

Delivery of therapeutic materials is considered as important as therapy itself. The administration route can sometimes affect treatment outcomes and its side effects. Compliance of patient, which might not be met by invasive ways of delivery is also important because of its significant role in completing treatment duration ([@A16761R25]). Nucleic acid is the important part of gene therapy that should be conducted at the proper place of action. Using invasive route of administration in gene therapy is more obvious when comparing it with other methods of therapy.

Oral delivery is the most reasonable route of administration, especially when repeated delivery is intended. This is right about gene delivery to collapsing cells of intestines ([@A16761R26], [@A16761R27]). DNA encounters insecure passage of GI tract by orally conducting. To conduct the nucleic acid to the proper place, different materials of wide spectrum have been used. These materials are lipids, polymers, or peptides kind that are known as nonviral delivery systems ([@A16761R28], [@A16761R29]). These materials compared to viral systems have been widely used because of their advantages, especially its non-immunogenicity feature.

These materials form complexes with DNA but most of these complexes, especially lipid and peptide based, are not stable enough for longer maintenance in prepared form and should be used in vivo right away. Polymers act better in this aspect. They are more interesting because of this and some other superior properties like nano size complex forming, biodegradability, and biocompatibility of their various types. Among these, some cationic polymers such as chitosan have potential of both complexing of DNA and having appropriate behavior in intestines' milieu, as well as mucoadhesivity and positive charge of prepared complexes ([@A16761R19]). Besides, chitosan NP is a nano size system that helps in its penetrating ability. Positive zeta potential and nano size that were showed again in our study indicate long-term maintenance of NP in vitro and its efficiency to access epithelial layer.

Gel electrophoresis used for N/P ratio assigning indicated the concentration of 0.03% chitosan solution as the minimum amount to make total integrity with DNA. This finding slightly differs from previous studies that may be referred to molecular weight of employed chitosan ([@A16761R17], [@A16761R18]).

Eudragit has proved to be an appropriate choice to provide NPs with stability attributes in acidic pH. Eudragit was applied in the delivery of other therapeutics to intestines because of this property ([@A16761R1], [@A16761R15]). Although Eudragit has been used in pharmaceutics industries, especially in solid drugs, using this polymer for nanoparticle coating is not usual. Some particle preparations with Eudragit have limited use in the delivery of a couple of chemical drugs and recently for therapeutic proteins. Eudragit L100 with pKa of 6 is a choice of drug delivery to intestines. Using of this polymer for delivery of gene materials gives a new insight of this polymer as a complementary polymer in gene delivery targeting intestines.

DNA encapsulation efficiency of total batch with this polymer was near 90% that was enough to save the amount of DNA being used.

In vitro evaluation of the particles was performed in 2 different pHs of 5.2 and 6.8. The medium with pH of 5.2 was used to monitor stability of particles in lower pH and another one with pH of 6.8 was used to release DNA from Eudragit batches. Release of less than 12% in pH of 5.2 was a sign of good stability, especially in the first hour. PH of higher than Eudragit L100 pKa raises the release of DNA to higher than 60%. This release may be more at intestines because of harsh condition and intestines turbulence.

Transcription of delivered gene is one of the after release main steps that can verify functionality of construction. RT-PCR assay was carried out based on human insulin RNA of 437 bp. Weather internalizing of whole batch or only nano core, RT-PCR verified the existence of insulin mRNA encoded by transfected plasmid.

This system of DNA delivery has shown to have the potential of directing DNA to an appropriate place in GI tract. We can even control over the site of release by changing N/P ratio - as we saw in this study about Eudragit L100 ability in delivery of materials to upper part of intestine. Nano size of core makes the system potential for delivery of gene to the bottom of intestine crypts. Although chitosan is a mucoadhesive polymer, its application in nano size helps in penetrating through mucus. Plasmid extraction and purification are expensive steps in gene therapy. Using economical materials such as some polymers, chitosan, and Eudragit was reasonable in delivery step of therapy. The system was designed to work in vivo so application of biocompatible materials was another advantage. However, the main problem is the slow release of chitosan DNA because of its strong interaction with DNA and when the high amount of DNA is needed to present in the blood in gene therapy, the high dose should be taken.

Based on the above advantages, this noninvasive combined system for DNA delivery can help in challenging the way ahead of gene therapy toward its putting into practice.
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